Introduction
Bombyx mori nuclear polyhedrosis virus (BmNPV), a member of the family Baculoviridae, is a double-stranded DNA virus with a circular genome of 128 413 bp. Baculoviruses have become the vectors of choice for certain applications requiring high-level expression of foreign genes and large-scale production of recombinant proteins in insect cells in vivo and in vitro because of the availability of strong promoter elements of viral origin that can be employed as drivers of the expression of foreign genes linked to them (Iatrou, 1995; Maeda, 1989; Miller, 1988; Summers, 1992) . Recombinant baculoviruses have also been used as transducing vectors for introducing genes of insect origin into infected hosts and studying their expression under authentic regulatory control in vivo (Iatrou et al., 1989 , Iatrou & Meidinger, 1989 . Because recomAuthor for correspondence: Kostas latrou.
Fax + 1 403 270 0737. e-mail iatrou@acs.ucalgary.ca
The nucleotide sequer~ce data reported in this paper have been deposited in the GenBank database under accession numbers U51009 (gene p39) and U50905 (gene cg30).
binant baculoviruses are also being considered for use as insect control agents (Cory et al., 1994; Hammock et al., 1993) they have been studied intensively with a view of gaining an understanding of their biology and their interactions with the cells of their hosts.
The nucleotide sequence of the complete genome of the NPV of Autographa californica (AcNPV), a model baculovirus system that has been extensively characterized, has been available for the last two years (Ayres et al., 1994) . In addition, the complete genomic sequence of a BmNPV isolate, T3, has also become available recently through a GenBank release (L33180). These developments have made possible the identification of all putative ORFs present in these two viruses, and have facilitated an assessment of the conservation of gene and protein sequences. However, despite the availability of such complete genomic sequences, the necessity for a continuation of the molecular characterization of viral gene products remains, because sequence data by themselves cannot provide sufficient information about the functional properties of viral gene products or their role during the invasion of a host.
Previous studies on the BmNPV system (as well as the recently released sequence of the complete genome of the T3 isolate of BmNPV) have shown that many of its genes share extensive similarities with their counterparts in AcNPV. One particular gene of AcNPV, cg30, that was previously characterized (Thiem & Miller, 1989a) , has attracted our attention because of the presence in it of structural features suggestive of important regulatory functions. The theoretically encoded CG30 polypeptide was shown to contain a number of sequence motifs that are characteristic of proteins functioning as transcription factors. These included a RING finger-like, putative DNA-binding domain (Chen et al., 1992; Everett, i988; Lovering et al., 1993; Moriuchi et al., 1994; Tagawa et al., 1990) ; a leucine zipper/basic region of a presumed protein dimerization and DNA-binding function (Johnson & McKnight, 1989; Neuberg et al., 1989; Nakabeppu & Nathans, 1989; Turner & Tjian, 1989) ; and an acidic domain reminiscent of a transcription factor trans-activation domain (Abate et al., 1991; Mitchell & Tjian, 1989) .
Despite the implied function of the CG30 protein, a recent examination of the properties of recombinant AcNPVs that were unable to express a functional CG30 protein revealed only minor phenotypic effects. This led to the suggestion that the function of CG30 may be redundant in AcNPV and be also carried out by other regulatory proteins of this virus (Passarelli & Miller, 1994) . Furthermore, the structural analysis of the p39 gene (homologue of the vp39 gene of AcNPV) and its surrounding sequences in the nuclear polyhedrosis virus of Orgyia pseudotsugata (OpMNPV), revealed that the sequences downstream of the p39 gene, presumed to encompass the cg30 gene of this virus, differ significantly from those of AcNPV cg30 (Blissard et al., 1989) . In fact, sequence similarities between these two viruses are restricted mostly to the first one-third of the two relevant sequences and many of the features of the AcNPV CG30 protein that suggest a function as a transcriptional regulator are absent from the putative OpMNPV CG30-like polypeptide.
In view of these observations and as a first step towards the study of the functional properties of the homologue of the cg30 gene in BmNPV, we cloned the region of the BmNPV genome containing the cg30 gene of this virus and its immediate neighbour, gene p39, and undertook the characterization of the two genes. Our characterization includes the structural analysis of the two genes, an analysis of their temporal patterns of transcription, determination of the sites of transcription initiation and polyadenylation, and a demonstration that the immediate early gene product IEI of BmNPV is required for expression of the cg30 gene in vitro.
Methods
• Cells, virus, transfections and CAT assays. The maintenance of B. mori Bm5 cells has been described previously (Iatrou et aI., 1985) . Cell monolayers were inoculated with BmNPV at an m.o.i, of 20 p.f.u, per cell for 1 h at room temperature. Time 0 post-infection (p.i.) was defined as the end of the infection period. Bm5 cells (1 x 106 per well in a &well microtitre plate) were transfected with I I~g/ml of plasmid pCG30.cat (see below) or BlueScript-SK + (pBS; Stratagene) DNA, an equimolar quantity of pBmlE1 DNA (Lu et aI., 1996) , in the case of co-transfections, and additional pBS DNA to a final plasmid DNA concentration of 5 lig/ml. Transfections and CAT assays were as described previously (Johnson et al., 1992; Lu et al., I996) .
• Cloning and sequencing. Gene cg30 of BmNPV was identified by a Southern hybridization of restriction digests of BmNPV DNA (Fotaki & latrou, 1988 ) using as probe a 670 bp Fspl/DraI fragment encompassing part of the AcNPV cg30 gene (Thiem & Miller, 1989a) . The latter was obtained by restriction of plasmid pSstI-D (the fourth largest SstI fragment of AcNPV genomic DNA; Ayres et al., 1994) . A 6"6 kb C/aIhybridizing fragment was cloned into the C/aI site of pBS and designated pCG30/P39. Plasmid p0.cat, a promoterless reporter construct, was made by subcloning the ORF for chloramphenicoI acetyltransferase (CAT) and the 3' untranslated sequences of the cytoplasmic actin A3 gene of B. mori (1"7 kb Ps~I fragment of vector pBmA.cat; Johnson et al., 1992) into the Psfl site of pBS. A 558 bp fragment from pCG30/P39 DNA was PCR-amplified (Lu et aI., 1996) using as primers two oligonucleotides, 5' TAGAGTCGACACCACAAACCCGAACACGT 3' and 5' GGCAGATATCGGCTACACTTCCACTTGCT 3' (nt 913-934 and the complement of nt 1472-1452, respectively; Fig. 1 ). The PCR-amplified fragment was digested with Sa/I and EcoRV, and subdoned into HindI/SalI-digested pO.cat to generate pCG30.cat. For DNA sequence determination (Sanger et aI., 1977) , exonuclease III deletions of pP39/CG30 were constructed (Stratagene) and relevant deletions were sequenced. Sequences were analysed using the DNAE software package (International Biotechnologies).
• Riboprobe synthesis, nucleic acid isolation and Northern hybridizations. For riboprobe synthesis, a 3'3 kb XbaI/EcoRI fragment of pCG30/P39 was subcloned into pBS. Digestion of this clone with HincII, followed by self-ligation and transformation, resulted in the generation of a subclone, pP39R, containing a 98 bp fragment of the p39 gene (nt 813-910; Fig. 1 ). Digestion of the same clone with DraI and EaeI and subcloning of a resultant 166 bp DraI/EaeI fragment (nt 1790--1955; Fig. I ) into EagI/SmaI-digested pBS resulted in the generation of a new subclone designated pCG3OR. Antisense riboprobes were generated from plasmids pP39R and pCG30R following digestion with XhoI and NotI, respectively, while for sense riboprobe synthesis, the same plasmids were digested with NotI and XhoI, respectively. For RNA synthesis, 1 ~tg of linearized template DNA was incubated for 2 h at 37 °C under standard conditions in a 20 ~tl reaction containing 50 ~tCi [a-32P]UTP (ICN; 3000 Ci/mmol) and 50 U of T3 or T7 polymerase (NEB). At the end of the incubations, the DNA templates were hydrolysed with RNasefree DNaseI (Boehringer Mannheim), and the riboprobes were purified by Sephadex G50-50 spin column filtration. Total nucleic acid was isolated from transfected Bin5 cells, resolved on denaturing agarose gels and hybridized to the labelled riboprobes as previously described (Fotaki & Iatrou, 1988; Skeiky & Iatrou, 1991; Lu et al., 1996) .
• Primer extension analysis. Oligonudeotides 5' GGCGCCAT-ACCCACGGGCATTA 3' and 5' GCATTGCAATTTGACAAAC-TCCA 3' (complements of nt 461-439 and 1502-I479, respectively; Fig. 1 ) were 5' end-labelled with [7-3~P]ATP (Amersham; 5500 Ci/mmol) and T4 polynucleotide kinase (USB), and used as primers (1 x 104 c.p.m.) in primer extension reactions containing 10 rtg of RNA extracted from BmNPV-infected cells and 200 U of reverse transcriptase (Superscript RT; Gibco/BRL). Extension products were analysed on a 6% SDS-PAGE gel.
• Polyadenylation sites. Four primers were used for PCR amplification of transcript-specific mRNA termini, P39-TSP (transcript-specific primer), 5' GCATTCTAGACACCACAAACCCG 3' (nt 904-927; Fig. fragment (m.u. 53"07-54"95) was determined (Fig. 1) . Two ORFs, spanning nt 432-1473 and 1479-2276, respectively, are present in this region. These encode predicted proteins of molecular masses of 39 and 30 kDa, designated P39 and CGd0, respectively.
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Comparison of the BmNPV P39 sequence with its homologues from other baculoviruses, revealed a 94 % identity with AcNPV vp39 but only 58% with the OpMNPV P39 protein (Fig. 2a) . The AcNPV vp39 and OpMNPV p39 genes encode major capsid proteins (Blissard et al., 1989; Thiem & Miller, 1989b) . Therefore, the p39 gene probably encodes the major capsid protein of BmNPV. Comparison of our P39 protein sequence with that of its counterpart in the T3 isolate of BmNPV (GenBank accession number L33180) revealed the existence of one conservative and four non-conservative amino acid substitutions (data not shown).
Similar comparisons for CGd0 revealed that the BmNPV sequence shares a 91"3 % sequence identity with AcNPV CGd0 (Thiem & Miller, 1989b) but only 46"2% identity with its OpMNPV counterpart (Fig. 2b) . Most importantly, the sequence motifs considered as hallmarks of transcription factor function, originally identified in AcNPV CGd0 but missing from the presumed OpMNPV counterpart, are present in the BmNPV protein. These include the RING finger-like, presumably DNA-binding, domain near the N terminus of the protein (aa 8--62; Figs 1 and 2b) ; the leucine zipper-type protein dimerization motif consisting of heptad repeats with periodicities of hydrophobic and charged amino acids and preceded by a few basic residues, near the C terminus (aa 198-247; Figs I and 2 b) ; and the acidic, activation-like region located between the two previous motifs ( Figs 1 and 2 b; aa 110-147). Comparison of the CGd0 sequence of our isolate with that of the T3 isolate revealed again the presence of five amino acid differences, one conservative and four nonconservative, caused by single nucleotide substitutions (data not shown). None of these substitutions occurs in the putative functional motifs.
Timing of transcriptional activation
The temporal patterns of expression of the p39 and cg30
genes were examined by Northern hybridization. Total nucleic acid extracted from BmNPV-infected cells at different times p.i. was hybridized to gene-specific, sense and antisense RNA probes. None of the sense riboprobes produced detectable hybridization signals at any time during viral infection (data not shown).
The p39 gene-specific antisense riboprobe detected traces of a 2"2 kb transcript at 9 h p.i. (Fig. 3; panel p39) . The intensity of the hybridization signal increased significantly by 12 h p.i., became maximal at 18-24 h p.i., and declined by 48 h p.i. The same probe also hybridized to a less prevalent 6"5 kb transcript which became detectable first at 12 h p.i., increased in intensity by 18 h p.i. but remained at a relatively low level even during the late stages of infection. Overall, the kinetics of ac- cumulation of the 6"5 kb transcript appeared to be similar to that of the 2"2 kb RNA.
The cg30 antisense riboprobe detected three transcripts, I"3, 2"2 and 6"5 kb ( Fig. 3 ; panel cg30) . The temporal specificity of the 2"2 and 6"5 kb transcripts was the same as that determined with the p39-specific riboprobe. However, the 1"3 kb mRNA became detectable at 6 h p.i., reached significant levels of accumulation by 9 h p.i., peaked in abundance by 12-24 h p.i. and subsequently declined.
The timing of viral D N A replication was also determined by a hybridization of the same nucleic acid preparations (following RNase treatment) with the sense cg30 riboprobe. As shown in Fig. 3 (DNA panel) , BmNPV D N A was not detectable during the early period of infection, up to 6 h p.i., but became detectable at 9 h p.i. Therefore, BmNPV D N A replication took place some time between 6 and 9 h p.i. These results suggest that the 1"3 kb (cg30) RNA is a delayed-early gene product transcribed before and after BmNPV D N A replication, while the 2"2 (p39) and 6"5 kb RNAs are transcribed after replication.
The mRNA transcription initiation and poly(A) addition sites
Two oligonucleotides (PE39 and PE30 in Fig. 1 ) complementary to the beginning of the coding sequences of the two genes were used as extension probes to determine the transcription initiation sites for the p39 and cg30 genes. As shown in Fig. 4 (left) , three extension products were observed for the p39 gene. The three start sites were located 60, 109 and 325 nt upstream of the translation initiation codon of the P39 protein (Fig. 1) . While none of these extension products was detectable at 6 h p.i., all of them were detected in the RNA obtained at 12 h p.i. The sequences surrounding the transcription initiation sites share an (A/G)TAAG motif usually found in transcription initiation sites of late baculovirus genes (Blissard & Rohrmann, 1990) .
For the cg30 gene-specific transcripts, only one transcription initiation site could be detected at the early stages of the infection (Fig. 4, right) . This site, evident in the RNA of infected cells as early as 6 h p.i., was located 246 nt upstream of the translation initiation codon of the conceptual CG30 protein, inside the P39 ORF (Fig. 1) . At 12 h p.i., additional transcription initiation sites mapping upstream of the one used at 6 h p.i. became evident (and even more so at 24 h p.i.). The new sites could not be mapped accurately, however, because of their distance from the start of the CG30 ORF. We presume that these late start sites are those of gene p39. The sites of poly(A) addition on cg30 mRNA were mapped by RT-PCR amplifcation of RNA isolated from 6 h infected
Poly (A) p39 cg30 Fig. 5 . Determination of the sites of poly(A) addition on p39 and cg30 mRNA. The sequences of the 3' ends of cg30 mRNA are shown at right, while those for p39 mRNA are shown at left. RNA isolated from BmNPV-infected Bm5 cells at 6 h p.i. was used for the determination of the poly(A) addition site for cg30 mRNA, while RNA from cells infected for 48 h was used in the case of p39 mRNA. The actual nucleotide sequences upstream of each poly(A) addition site (first 44 nt; written in an mRNA-sense orientation) are also shown next to each sequencing gel together with the part of the CG30 ORF that they encode (for p39 mRNA only). cells, which are devoid of p39 mRNA, using the cg30 genespecific and the adapter primers. Eight clones of the resultant amplification products were sequenced and all of them were found to have the same poly(A) addition site (Fig. 5) . This mapped 86 bp downstream of the CG30 translation termination codon (Fig. i) . In a similar manner, the p39 genespecific and the adapter primers were used to amplify p39 The primer extension analysis for the cg30 gene suggests that the 1"3 kb cg30 mRNA is initiated within the P39 ORF. To deduce whether the p39 gene sequences upstream of the CG30 ORF possess promoter activity, we inserted a portion of the P39 ORF (nt 913-1471; underlined in Fig. I ) into p0.cat, upstream of the CAT ORF. The recombinant reporter plasmid, designated pCG30.cat, was transfected into Bin5 cells. When the transfected cells were assayed for CAT activity, no activity was detected (Fig. 6 ).
Because cg30 is a delayed early gene whose expression may be dependent on the presence of one or more immediate early gene products of the virus, we tested the effect of expression of the immediate early gene iel of BmNPV on the activity of the putative cg30 gene promoter sequences by co-transfecting Bin5 cells with pCG30.cat and plasmid pBmIE1 that contained the iel gene of BmNPV (the latter can be expressed in transfected Bm5 cells in the absence of other viral products ; Lu et al., 1996) . Strong CAT activity was observed in the cotransfected cells (Fig. 6) , demonstrating that the cg30 gene promoter is located within the P39 ORF, and that BmlEI is capable of stimulating its expression, at least in vitro.
Discussion
In this study, we have undertaken the structural and initial functional characterization of two BmNPV genes, p39 and cg30, that encode proteins previously identified in other baculovirus systems. Gene p39 encodes the BmNPV homologue of the vp39 and P39 proteins of AcNPV and OpMNPV, respectively. These proteins are major constituents of the viral capsids and have been hypothesized to be associated with the nuclear matrix and to be involved in viral packaging and viral D N A translocation during infection (Charlton & Volkman, ~14(: iiiiiiiiiiiiiiiiiii i ii ii ii iiiiiiiiiiiiiiiiiiiiiiiiiiil Volkman et al., 1987; Volkman, 1988; Pearson et al., 1988; Thiem & Miller, 1989b) . Gene cg30, on the other hand, encodes the homologue of a protein which, in AcNPV, has been postulated but not proven to have a role as a transcriptional regulator (Thiem & Miller, 1989a; Passarelli & Miller, 1994) .
The transcriptional characterization of p39 and cg30 of BmNPV has shown that three transcripts, 1"3, 2"2 and 6"5 kb, are transcribed through the p39/cg30 locus at different times p.i. Protein CG30 appears to be encoded by the 1"3 kb mRNA. The 1"3 kb RNA is transcribed before and after DNA replication from a site located 247 bp upstream of the CG30 translation start codon, within the P39 ORF. Thus, the transcriptional properties of BmNPV cg30 mRNA are nearly identical to those reported previously for AcNPV cg30 mRNA (Thiem & Miller, 1989 a) . Three CAGT motifs, previously shown to be important for transcription of baculovirus early genes (Blissard & Rohrmann, 1989; Carson et al., 1991; Guarino & Summers, 1987) , are present upstream of the cg30 transcription start site (bold in Fig. 1 ). However, because of their distance from the transcription initiation site for the 1"3 kb cg30 mRNA (greater than the accepted consensus distance of 10 bp upstream or downstream of transcription start sites), it remains to be seen whether any of these CAGT motifs are functionally relevant.
Protein P39 is apparently encoded by three mRNA isoforms, collectively termed 2"2 kb, that differ from one another in the length of their 5' untranslated regions and appear to be transcribed after viral DNA replication. The 2"2 kb RNA start sites have been mapped on three closely spaced regions, each of them centred around a (G/A)TAAG motif, which is characteristic of transcription initiation sites for late baculovirus genes (Btissard & Rohrmann, 1990) . Finally, the 6"5 kb transcripts that were evident only after viral DNA replication probably represent run4hrough RNA initiated at the promoter of a gene that maps upstream of p39.
Overall, the transcription pattern of the BmNPV p39/cg30 locus is similar but not entirely identical to that of the corresponding region of AcNPV. First, the largest 6"5 kb transcripts have not been detected during AcNPV infection (Thiem & Miller, 1989a, b) . Secondly, the 1"3 kb cg30 RNA of BmNPV is transcribed both before and after DNA replication, in contrast to the corresponding AcNPV RNA which does not seem to be transcribed during the late stages of infection (Thiem & Miller 1989a) .
Our studies have also resulted in the determination of the polyadenylation sites for these overlapping transcripts. Although it is known that some overlapping baculovirus transcription units share 3' termini (Kool & Vlak, 1993) , little information is available conceming cis-acting elements that are important for the generation of the mature 3' ends via polyadenylation. As is the case with eukaryotic polyadenylation control (Proudfoot, I99I), two elements (AATAAA or ATTAAA) and GT-rich regions downstream of but in close proximity to the latter (Fig. 1) , appear to be required for correct polyadenylation of the p39 and cg30 gene transcripts. However, although our results suggest that, during the transition from the delayed early to the late phase of infection, a change occurs in the choice of polyadenylation signals utilized by the post-transcriptional processing apparatus of the cell, we have no clues regarding the identity of the factors that are responsible for the observed change in the frequency of utilization of the available polyadenylation signals.
Finally, our transient expression assays have confirmed that the C-terminal sequences of the P39 ORF have promoter activity dependent on the presence of the immediate early protein BmIE1. The demonstration that BmlE1 can regulate the expression of the cg30 gene promoter in a positive fashion in vitro, also confirms indirectly our notion that cg30 is a delayed early-late gene whose expression is dependent on the expression of one or more immediate early genes.
An interesting point that arises from the protein sequence comparisons is one that relates to the function of CG30/P30 proteins. On the basis of the presence of a series of specific structural motifs in AcNPV CG30, it was initially proposed that this protein functions as a transcriptional regulator (Thiem & Miller, 1989a) . However, subsequent studies involving an examination of the properties of recombinant AcNPV lacking CG30 revealed only marginal effects on the levels of expression of the polyhedrin gene and the infection properties and/or rate of replication of AcNPV (Passarelli & Miller, 1994) . Thus, the question arises of whether the maintenance of the hallmarks of the transcriptional activation function in BmNPV CG30 reflects the evolutionary proximity of BmNPV and AcNPV or the result of selective pressure exerted on this gene because of its functional importance. Judging from the extent of similarity of the functional properties of the few genes of these two viruses that have been analysed on a comparative basis to date, and from the overall sequence conservation that exists between the two viral genomes, it is clear that BmNPV and AcNPV differ little from each other in terms of the overall organization and function of their genetic information. The results of the experimental inactivation of the AcNPV cg30 gene (lack of any significant associated phenotype) and the observed absence of two out of the three putative functional motifs of the CG30 protein from the presumed OpMNPV homologue (the latter maintains intact the RING finger domain but lacks the leucine zipper and the acidic domains), collectively point to the former explanation, with maintenance of the motifs under consideration because of the evolutionary proximity of BmNPV and AcNPV as opposed to OpMNPV. Despite these comments, it is not unlikely that the inactivation of the AcNPV cg30 gene produces a phenotype that cannot be easily observed under laboratory conditions, because it becomes masked by a partial rescue effect mediated by other viral factors that can function in a fashion analogous to that of CG30. Now that the cg30 gene of BmNPV has been
